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Introduction
It has been known for thousands of years, at least since the time of Hippocrates that climate has wide ranging impacts on health. Increasing recognition of the process of climate change has led to a growing interest by health researchers in assessing the potential mechanisms by which changes in climate could influence health. Such health effects will be modulated by factors such as socioeconomic development and by the degree to which effective adaptation measures are implemented. Although most studies have assessed the potential impacts of climate change in isolation from other environmental changes, in reality, climate change will be experienced against a background of other global changes such as population growth, urbanization, land use changes and depletion of fresh water resources that themselves have implications for health and which could, in some instances interact with climate change to magnify the impacts (Haines et al. 2006 ).
Malaria remains one of the most important diseases in Uganda in terms of morbidity, mortality and economic losses. Uganda has also experienced the negative consequences of climate change on the health of the people of Uganda for example floods in Eastern Uganda in 2007 resulted in a humanitarian crisis. Higher temperatures and rainfall associated with El Nino increase the transmission of malaria leading to epidemics in highland areas of Uganda. Conversely, prolonged drought leads to food insecurity and malnutrition, thereby further predisposing populations to illnesses (Republic of Uganda 2010).
Despite considerable progress in the last decade in our understanding of the link between climate change and the consequences for human infectious diseases (and other health risks) (McMichael et al. 2006 ) considerable work remains, particularly in better understanding the role of environmental drivers versus other epidemiological factors known to drive the transmission of malaria. Current uncertainties may be categorized as those related solely to epidemiological aspects independent of climate, those related to uncertainties associated with climate models themselves and those related to the interaction between disease and climate.
Generally, this study examines the relationship between climatic factors and vector-borne diseases in Uganda. Specifically, the study examines the relationship between climatic factors and reported malaria cases using data from 12 districts in Uganda over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] . This study was guided by the following hypothesis. Generally, we conjectured that climate change is associated with increased malaria cases. Specifically, increased humidity; rainfall and temperature are postulated to lead to increased incidence of malaria and consequently increased economic burden to society.
Understanding the climate change-malaria transmission nexus is of great policy relevance due to amongst others: (i) Malaria is a main cause of mortality and morbidity among both infants and adults; and (ii) A direct relationship has been demonstrated between poverty and incidence and prevalence of malaria, dysentery and diarrhoea as they are more prevalent among the poor compared to the rich. Additionally, communicable diseases account for 54 percent of the total burden of disease in Uganda with HIV and AIDs, tuberculosis (TB) and malaria, being the leading causes of ill health (Republic of Uganda 2010).
This study is organized into nine sections. The next section presents the status of malaria in Uganda while section 3 reviews previous studies on the relationship between malaria and climatic factors.
Model specifications and empirical model specifications are presented in section 4. Section 5 covers the unit of analysis, data type, sources and sample size. Empirical results including descriptive statistical analysis; correlation analysis; as well as econometric analysis are presented in section 6. Preliminary discussion and further research and preliminary policy implications, are respectively presented in sections 7 and 8 while section 9 concludes.
Status of malaria in Uganda
Malaria continues to be a major public health problem and the most frequently reported disease at both public and private health facilities in Uganda. Clinically-diagnosed malaria is the leading cause of morbidity and mortality, accounting for 25-40% of outpatient visits at health facilities, 15-20% of all hospital admissions, and 9-14% of all hospital deaths. Nearly half of inpatient deaths among children under-five years of age are attributed to clinical malaria. A significant percentage of deaths occur at home and are not reported by the facility-based Health Management Information System (HMIS). The current estimated annual number of deaths from malaria ranges from 70,000 to 110,000 (USAID 2011).
In most parts of Uganda, temperature and rainfall allow intense, perennial malaria transmission. Malaria is highly endemic in 95 percent of the country, covering approximately 90 percent of the population of 33 million. The remaining 5 percent of the country consists of unstable and epidemicprone transmission areas in the highlands of the south-and mid-west, along the eastern border with Kenya, and the North Eastern border with South Sudan. In some areas of northern Uganda, the entomological inoculation rates (infective biting rates by the mosquitoes that transmit malaria) are among the highest recorded in the world. The most common malaria vectors are Anopheles gambiae s.l. and Anopheles funestus. A. gambiae is the dominant species in most places, while A. funestus is generally found at higher altitudes and during the short dry seasons (September through November), when permanent water bodies are the most common breeding sites. In some areas of northern Uganda, such as Apac and Oyam, A. funestus is the most common vector which feeds primarily on humans and also takes blood meals from other domestic animals. The Uganda Malaria Indicator Survey, conducted in late 2009, showed that Plasmodium falciparum is responsible for 99 percent of malaria cases. P. malariae, accounts for 0.2 percent of cases as a mono-infection but is more commonly found as a mixed infection with P. falciparum (up to 2.7 percent of childhood infections in highly endemic areas). Both P. vivax and P. ovale are rare and do not exceed 1-1.6 percent of malaria cases in Uganda (USAID 2011). Table 1 shows malaria as the highest ranked cause of morbidity for children below five years of age in Uganda over the period 2007-2011, followed by Cough or Cold without Pneumonia. In 2011, these two accounted for over 56 percent of all cases of morbidity down from 72 percent in 2010. The proportion of persons presenting with intestinal worms, skin diseases and pneumonia causes of morbidity slightly decreased in 2011. In terms of health centre-based mortality for all by age group, a total of 13,761 health centre deaths were reported mortality for 2010/11. Malaria was the top (20.9 percent) cause of mortality followed by AIDS (9.4 percent), Pneumonia (7.8 percent), Anaemia (7.6 percent), and tuberculosis (3.9 percent) among the top five. The highest number of mortality was among males above 5 years (36.1 percent) followed by females above 5 years (25.1 percent), males under 5 (20.2 percent) and females under 5 (18.5 percent) as indicated in Table 2 . Among children under 5 years, malaria is the highest (27.2 percent) cause of mortality followed by anaemia (12.1 percent), pneumonia (11.4 percent), perinatal conditions (7.8 percent) and septicaemia (5.0 percent), among the top five causes of mortality. Sixty-seven percent (67%) of participants responded that communities were actively being involved in MVC, while 48% felt that the use of research results for evidence-based decision making was inadequate or poor. A majority of the participants felt that malaria research in Uganda was rarely used to facilitate policy changes. Suggestions by participants for formulation of specific and effective IVM policy included: revising the MVC policy and IVM-related policies in other sectors into a single, unified IVM policy and, using legislation to enforce IVM in development projects. The authors concluded that integrated management of malaria vectors in Uganda remains an underdeveloped component of malaria control policy. Cooperation between the health and other sectors needs strengthening and funding for MVC increased in order to develop and effectively implement an appropriate IVM policy. Continuous engagement of communities by government as well as monitoring and evaluation of vector control programmes will be crucial for sustaining IVM in the country.
(ii) Malaria case management. Uganda's malaria case management policy evolved from chroloquine (CQ) monotherapy to CQ+SP to ACTs in the last decade. Similarly, the policy on the diagnosis of malaria has evolved from clinical to parasitological based diagnosis. Home based management of fever (HBMF) introduced in 2002 has now been incorporated into the integrated community case management. Nevertheless, there are frequent stock-outs of antimalarial medicine and supplies at health facilities and community level. Although the national malaria control programme has conducted trainings of health workers in 21 districts on the Rapid Diagnostic Tests (RDTs), its implementation is hampered by the non-availability of RDT kits. Integrating private sector providers into national case management programmes remains a challenge. In addition, there are weak services for the management of severe malaria below Health Center IV level (Republic of Uganda 2011).
(iii) Malaria in pregnancy. With regard to managing malaria during pregnancy, in 2001, the national malaria control programme commenced the implementation of intermittent preventive treatment in pregnancy as a strategy which was earlier on adopted in 1998. Nevertheless, routine distribution of ITNs remains limited. Poor coordination between the reproductive health division and the national malaria control programme has hampered progress in the implementation of malaria in pregnancy activities (Republic of Uganda 2011).
(iv) Epidemic preparedness and response. Since 2000, six epidemics have occurred in Uganda with the most recent epidemic in 2009/10 in Mubende District. The national malaria control programme has established a malaria surveillance system using weekly data generated from all health facilities. Epidemic thresholds have been developed in epidemic prone districts and health workers were trained in the use of the thresholds. Two centres of excellence have been established in early detection of epidemics. The current malaria epidemic threshold values are based on the clinical diagnosis of malaria. There is need to regularly review and update the thresholds to take into account the introduction of malaria diagnostics (Republic of Uganda 2011).
(v) Procurement and supply management. All anti-malarial medicines and laboratory commodities are listed on the essential medicines list of Uganda and are available through the National Medical Stores, Joint Medical Stores and the private sector. The public procurement and disposal of public assets act is being revised to address delays in medicines procurement. However, the availability of malaria commodities at service delivery points remains a problem largely due to poor coordination between the national malaria control programme, pharmacy division, procurement unit and the national medical stores. There is a lack of up-to-date data on the country malaria burden to guide forecasting and quantification (Republic of Uganda 2011).
(vi) Advocacy communication and social mobilization. The national malaria control programme has a focal point person, malaria communications strategy and guidelines for advocacy and social mobilization implementation. There is a functional advocacy and social mobilization working group at national level. However, the national malaria control programme had a malaria newsletter and notice board which are no longer functional. There is a parliamentary malaria subcommittee of the social services committee. (1982, 1988, 1990-1994, 1997-98, 2003) . Zhou et al. (2003) work on African highlands indicates that climatic factors such as temperature and precipitation play an important role in explaining the variation in malaria cases but that the studies were conducted on a small scale (in a specific region of a country) creating a need for larger scale investigation. The role of climate change in the increase of malaria incidence in African highlands has particularly been controversial (Pascual et al. 2006 ) but it is difficult to totally deny the fact that climatic factors play an important role in the incidence of malaria ( Results show that a marginal change in temperature and precipitation levels would lead to a significant change in the number of malaria cases for most countries by the end of the century. The study by Egbendewe-Mondzozo et al. (2011) investigates the link between climate change and malaria at the country level which clouds the district-specific picture.
In Uganda, malaria epidemics have partly coincided with periods of El Nino occurrence which are characterized by high rainfall, flooding and landslides. The apparently worsening malaria situation is attributed to a number of factors: epidemiological shifts due to climate change, environmental factors increasing breeding sites for mosquitoes, increasing resistance to anti-malarial drugs, weak health system, late treatment seeking behavior, inadequate knowledge on the disease, costly preventive interventions and the high prevalence of low quality treatment outlets both formal and informal. Malaria epidemics have increased in areas originally considered malaria-free zones like the South Western and Eastern highlands. The most affected districts include Kisoro, Kabale, Rukungiri, Bushenyi and Mbarara. Epidemics of varying severity and extent occurred in these areas in 1992, 1994, 1997/98 and 2000/2001 . In these areas all age groups are at equal risk of catching and dying of malaria. The cycle of epidemics in the past seem to suggest an epidemiological transition from lower to higher malaria endemicity which may be associated with climate change (Namanya 2009 ). Niringiye and Douglason (2010) attempted to establish the relationship between malaria prevalence and environmental and socio-economic variables in Uganda. They assert that an understanding of the factors that are associated with malaria prevalence is critical for the design of policies aimed at reducing malaria prevalence. Their regression results using Ordinary Least Squares indicate no relationship between malaria prevalence and environmental and socio-economic variables. They recommend that there is need for further study using disaggregated data, panel data, and adding more control variables to the health production model to identify the factors that are associated with malaria prevalence in Uganda.
Empirical evidence suggests that malaria varies seasonally in highly endemic areas and is probably the vector-borne disease more sensitive to long-run climate changes. For example, the comparison of monthly climate and malaria data in highland Kakamega, Western Kenya, highlights a close association between malaria transmission and monthly maximum temperature anomalies over the years 1997-2000. The effects of soil moisture to determine the causal links between weather and malaria transmission has also been studied. For the most common mosquito species Anopheles gambiae, the soil moisture predicts up to 45 percent and 56 percent of the variability of human biting rate and entomological inoculation rate, respectively (Grasso et al. 2010 ).
Model specifications
The basic dataset was a panel with repeated observations at 12 sites. To carry out the statistical analysis a semi-parametric panel model was specified and estimated. Such a model allows us to simultaneously handle nonlinearity in the relationships along with the effects of districts and time (years). Pooling the data across districts and years allows us to capture the likely impact that we might expect to see in a longer, but unavailable, time series for the individual district. The estimated coefficients ptovide information on the relationship between observed malaria cases, temperature and precipitation. The theoretical model follows the analysis in Egbendewe-Mondzozo et al. (2011) and is specified as follows:
where it y is the natural log of the number of reported malaria cases per 1,000 people in district i at time period t ; it X is a vector of climate variables that includes temperature, precipitation and a measure of climate variability; it Z is a vector of socio-economic control variables that includes population density, per capita gross domestic product, inequality index, per capita healthcare expenditure and number of hospital beds per 1,000 people; i α are unobserved individual district effects and it u is an idiosyncratic error term. The function f , the coefficients β and the unobserved district effects i α are all parameters to be estimated. Note that climate variables are assumed to affect the number of malaria cases per 1,000 people through an unknown function to be estimated while the socio-economic variables affect malaria cases linearly.
Empirical model specifications
This study adapts Egbendewe-Mondzozo et al. (2011) empirical model specification by assuming and estimating two specifications of the nonlinear function f . The first functional form assumes an additive form while the second assumes a complex function of an unknown form of f . The first functional form is smooth in the climate variability index measured by monthly standard deviation in precipitation. In this functional form, climate variability influences the number of malaria cases through the intercept (α0) as well as through the slope of temperature (α1) and precipitation (α2). In other words, the influence of precipitation and temperature on the number of malaria cases will depend upon how precipitation variability evolves. Put differently, the size of the impact of temperature and precipitation on malaria prevalence is contingent upon fluctuations in climate measured by the standard deviation in precipitation. Thus, the empirical statistical relationship between malaria cases, climatic and socioeconomic variables can be presented as: (2) where α i , for i = 0, 1, 2 are smooth coefficients (of functions of climate variability) and β j are the coefficients of the linear socioeconomic control variables. In this functional form, the interaction between temperature and precipitation is established through the variability of precipitation.
In the second expression where the nonlinear functional form is unknown, the empirical formulation of the empirical model can be expressed as:
Equation (3) is the most attractive for empirical investigations because it nests all possible functional forms of the effect of climatic factors on malaria prevalence. Nevertheless, it comes with the cost that higher dimensionality of the function f might weaken the correct estimation of the marginal effects given the actual sample size. Since we are fitting a three dimensional function with fewer data points (our current sample size is 132 observations) we can run into the risk of not having enough data points in some neighbourhoods for a good fit. Yatchew (2003) refers to this problem as the 'curse of dimensionality' in nonparametric estimations. When more data become available for instance at least 500 observations, more general nonparametric models with fewer assumptions could be tested.
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Unit of analysis, data type, sources and sample size For the following districts: Arua, Entebbe, Gulu, Jinja, Kabale, Kampala, Kasese, Lira, Masindi, Mbarara, Soroti, and Tororo, data were gathered on the following: malaria cases; population; health facilities; per capita health expenditure; number of hospital beds; number of health workers; average temperature; Average Mean Maximum Humidity; Average Mean Minimum Humidity; and Annual Rainfall. Table 1 presents the variable definitions and data sources. 
Empirical results
The empirical results are categorized under the following headers: descriptive statistical analysis; correlation analysis; and econometric analysis.
Descriptive Statistical Analysis: The means of the variables incorporated in the analysis for each the twelve (12) districts over the 2000-2011 period are presented in Table 2 . It is clear from table 2 that districts with mean temperatures of at least 30 degrees on the Celsius scale (for instance, Gulu, Kasese, Lira, Soroti and Tororo), respectively have a high number of malaria cases (218,783; 209,787; 191,527; 305,150; and 305,911) . It is also worth noting the close association between mean precipitation on the one hand, mean temperature on the other, and malaria cases. It is worth noting that districts with mean temperatures of at least 30 degrees and mean precipitation of at least 1,300 millimetres [Gulu (1,404 mm); Lira (1,471 mm); Soroti (1,322 mm); and Tororo (1,576 mm)] have average malaria cases of at least 190,000. Additionally, districts with mean maximum humidity of at least 60 (Gulu; Lira; Soroti and Tororo) have average malaria cases of at least 190,000. The mean temperature for the twelve districts over the period 2000-2011 stood at approximately 29 degrees on the Celsius scale, with a minimum of 17.9 degrees and a maximum of 31 degrees and a standard deviation of 2.3. Maximum humidity had a mean of 70, standard deviation of 21 as well as a minimum of 24 and a maximum of 96. Minimum humidity had an average of about 48, standard deviation of 17, minimum of 11 and a maximum of about 70. Average precipitation stood at about 1288 millimetres, with a standard deviation of 302, minimum of 532 and a maximum of 2,062.
Correlation Analysis: Table 3 presents the Pearson correlation matrix of the variables for the pooled dataset (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . Some correlation coefficients are significant while others are not. We report both the significant and insignificant correlation coefficients especially those with policy implications for the sampled districts. (1) (2) (3) (4) (5) (6)
(1) Malaria cases 1.0000
(2) Temperature -0. Source: Correlation analysis of panel data set.
From Table 3 , the Pearson correlation coefficient between malaria cases and precipitation is positive and is significant (0.2338). The correlation coefficient between maximum humidity and temperature standard deviation is negative and is significant (-0.3475) . The correlation coefficient between minimum humidity and temperature standard deviation is negative and is significant (-0.4168) . The correlation coefficient between precipitation standard deviation and temperature standard deviation is positive and is significant (0.2404). The correlation coefficient between maximum humidity and minimum humidity is positive and is significant (0.9610). The correlation coefficient between precipitation and precipitation standard deviation is positive and is significant (0.6773). From Table 4 , the Pearson correlation coefficient between hospital beds and health facilities is positive and significant (0.5122). The Pearson correlation coefficient between health workers and hospital beds is positive and is significant (0.5012).
Econometric analysis
The dataset was transformed by removing Entebbe which only had data on climatic variables and no data on socioeconomic variables. Table 5 presents the estimates of the pooled ordinary least Squares, the Random Effects Model (REM) and the Fixed Effects Model (FEM). The results in Table 5 provide a benchmark from which the preferred estimation technique was selected. The test statistics displayed in Table 5 show that the Chow test of the pooled model (OLS) against the FEM indicates the rejection of the null hypothesis at 1 percent and the conclusion is that the preferred model is the FEM. Breusch and Pagan LM test of pooled (OLS) against the REM, rejects the null hypothesis at 10 percent and thus the preferred model is the REM. The Hausman specification test that compares the FEM versus REM under the null hypothesis that the individual effects are uncorrelated with the other regressors in the model shows that the FEM is preferred since the null hypothesis is rejected at 1 percent. All regressions pass the joint significance test for overall model specification at 1 percent level. Thus the results presented in this paper (see Table 6 ) are based on fixed effects estimation technique. In order to investigate a variety of malaria determinants identified in the literature, this paper adopted a reduced form approach rather than adhering to one particular, narrow structural model.
In Table 6 , column 1 is the benchmark regression (FEM in Table 5 ) with which we start to investigate the various malaria determinants in Uganda. In this column, both health facilities and per capita GDP have a significant positive effect on malaria cases. While per capita health expenditure was found to have no effect on malaria cases (see column 2, Table 6 ).
The different roles played by hospital beds, health workers and health facilities in determining malaria cases are investigated in columns 3, 4, 5 and 6 (see Table 6 ). Both hospital beds and health workers are significant and negatively related to malaria, while in column 6 we investigate the individual effect of all the three covariates and find them to be individually statistically significant with the expected sign.
In all the different regression specifications, temperature and precipitation have no effect on malaria cases. In column 7, we find variability in temperature to also have no effect on malaria in Uganda. While the interaction of temperature and precipitation was found to have a significant positive effect on malaria cases (see column 8). This implies that high temperature and precipitation create favourable conditions for mosquitoes causing malaria and thereby increase malaria cases in Uganda. In column 9 we investigate the effect of the interaction of precipitation and variability in precipitation and find a significant positive effect. This implies that high precipitation and its variability create conditions that increase malaria cases. In columns 10, 11, 12 and 13, we find both maximum and minimum humidity to have a positive significant effect on malaria cases.
Below is the summary of major findings. Health facilities, per capita GDP, the interaction of temperature and precipitation, the interaction of precipitation and variability in precipitation, maximum and minimum humidity have a significant positive effect on malaria cases in Uganda. Both hospital beds and health workers are significant and negatively related to malaria cases in Uganda. Per capita health expenditure, temperature, precipitation and variability in temperature have no effect on malaria cases in Uganda. It is widely acknowledged that climate changes are only one of many important factors influencing the incidence of infectious diseases and that their effects are very unlikely to be independent of sociodemographic factors (e.g. human migrations, transportation, nutrition), or of environmental influences (e.g. deforestation, agricultural development, water projects, urbanization). While malaria transmission increases with temperature and humidity, the decrease in disease incidence seen with prolonged drought may negate these effects (Environmental Health Perspectives and the National Institute of Environmental Health Sciences 2010).
Policy implications
The study has found that health facilities, per capita GDP, the interaction of temperature and precipitation, the interaction of precipitation and variability in precipitation, maximum and minimum humidity have a significant positive effect on malaria cases in Uganda. Since malaria may not be fatal in the initial stages, it is the case that some cases go unreported and are managed within the community through self-medication. The higher the number of health facilities and the belief that the community has in the facilities' capacity to manage malaria cases; the higher is the likelihood that more cases will be reported. Both hospital beds and health workers are significant and negatively related to malaria cases in Uganda. Poor staffing levels and bed occupancy levels beyond 100 percent reduce the number of malaria cases being reported. Ministry of Health, Health Systems 20/20, and Makerere University School of Public Health (2012) notes that the shortage of human resources for health and the prourban distribution of health workers (doctors, pharmacists, and other cadres) remain major obstacles to access to quality health care in remote and hard-to-reach areas. The percentage of filled public sector posts increased from 38 percent in 2006 to 56 percent in 2010, and 63 percent in 2011. However, public sector vacancy rates remain too high. The rapid increase in the number of districts has likely contributed to high vacancy rates in the districts, as the number of health facilities has increased without an increase in human resources for health.
The interaction of temperature and precipitation was found to have a significant positive effect on malaria cases. This implies that high temperature and precipitation create favorable conditions for mosquitoes causing malaria and thereby increase malaria cases in Uganda. This therefore implies that malaria vector control should be strengthened within the integrated vector management framework.
Conclusions
Whereas climatic factors are important in explaining the status of reported malaria cases, they singlehandedly cannot fully explain Uganda's malaria status. Socioeconomic factors are crucially important in fully explaining the status of reported malaria cases. The interaction of temperature and precipitation was found to have a significant positive effect on malaria cases.
